Retinal blur and disparity are two diVerent sensory signals known to cause a change in accommodative response. These inputs have diVering neurological correlates that feed into a Wnal common pathway. The purpose of this study was to investigate the dynamic properties of monocular blur driven accommodation and binocular disparity driven vergence-accommodation (VA) in human subjects. The results show that when response amplitudes are matched, blur accommodation and VA share similar dynamic properties.
Introduction
Accommodation is a dynamic change in the refractive power of the eye produced by changes in the curvature of the crystalline lens. The response is known to be driven independently by retinal blur (Phillips & Stark, 1977) , retinal disparity (Fincham & Walton, 1957) and proximal factors (Hofstetter, 1942) . Under binocular viewing conditions, a change in stimulus demand from far to near induces a change in both blur and disparity and the net accommodative response is a combination of both blur driven and disparity driven components (Semmlow, 1981) .
Dynamic motor characteristics of monocular blur driven accommodation (CiuVreda & Kruger, 1988; Shirachi et al., 1978; Sun & Stark, 1986) and binocular disparity driven vergence-accommodation (VA) (Fincham & Walton, 1957; Kent, 1958; Krishnan, Shirachi, & Stark, 1977) have been individually well studied but have not been compared in the same individuals. While the Wnal biomechanical plant, composed of the ciliary muscle, choroid, crystalline lens and its suspensory zonules, is the same for both responses, the sensory pathways clearly diVer. In order to compare the dynamics of VA and blur accommodation it is necessary to investigate responses to both stimuli in the same individuals. While there have been investigations of the static characteristics of the VA cross-link (Schor, 1992; Semmlow & Venkiteswaran, 1976; Semmlow & Wetzel, 1979b) very little is known about its dynamic properties. To our knowledge, only one study has investigated the dynamic properties of both VA and blur accommodation. Cumming and investigated the dynamics of binocular VA and monocular blur driven accommodation in two monkeys (maccaca mullata). Accommodation and vergence tracking responses were recorded for a sinusoidally moving target (freq 0.1-1.2 Hz, peak to peak amplitude of 0.5-4 D for accommodation or meter angles for vergence). The results showed that the VA response had larger amplitudes (greater gain) and lower phase lags in response to sinusoidal stimuli than monocular blur driven accommodation. However, while VA seems to provide a tighter coupling when tracking a sinusoidal stimulus, no information is available about the relative velocity of VA compared with blur accommodation.
Dynamic properties of ocular motor responses are often described using the main sequence. The main sequence, deWned as; peak velocity as a function of response amplitude, provides a framework for understanding the neurological basis of the response (Bahill, Clark, & Stark, 1975) . The main sequence has been described for ocular motor responses including saccades (Bahill et al., 1975) , vergence (Collewijn, Erkelens, & Steinman, 1995; Erkelens, van der, Steinman, & Collewijn, 1989; Hung, CiuVreda, Semmlow, & Horng, 1994) and recently for blur driven accommodation (Bharadwaj & Schor, 2005; Kasthurirangan, Vilupuru, & Glasser, 2003) . Although saccades and vergence eye movements share a Wnal common pathway (cranial nerves III, IV, VI and extra ocular muscles), empirically saccades are known to be much faster than vergence eye movements with each system showing distinctly diVerent main sequence relationships (Collewijn et al., 1995; Erkelens et al., 1989) . This evidence points to diVerences in the origin and neural Wring characteristics of the premotor and motor commands in the brain stem for saccades and vergence eye movements. In other words, diVerences in the main sequence would be expected between two ocular motor systems sharing a Wnal common pathway, if diVerent neurophysiological processes are involved. Applying the same logic to the accommodation system, if the main sequence relationship for blur driven accommodation diVered from that of disparity driven accommodation it could be concluded that diVerent neurophysiological processes are likely involved since the Wnal plant is the same for both blur driven and disparity driven inputs. However, if response dynamics were the same for both blur driven and disparity driven accommodation, the neural correlates may or may not be the same, as it may be the Wnal common pathway that controls the response dynamics.
The purpose of this study was to investigate the main sequence characteristics of VA and outline diVerences/similarities with monocular blur driven accommodation in the same individuals. In order to optimize the comparison between VA and blur accommodation, a limited range of stimulus demands were introduced for blur accommodation so that the responses could be matched directly with measures of VA from the same subjects.
Methods

Subjects
Six subjects (mean age § std deviation D 25 § 1.37 yrs) participated in the study. All subjects had a best corrected visual acuity of at least 6/6 in each eye and normal binocular vision. Refractive errors, measured by objective noncycloplegic retinoscopy, showed spherical equivalents ranging from ¡0.25 to +0.75 D. Astigmatic errors were less than 0.75 D in all cases. Informed consent was obtained from all participants prior to their involvement in the study. The study was approved by the OYce of Research Ethics at the University of Waterloo and conducted in accordance with the tenets of the declaration of Helsinki. All participants completed two sessions.
Procedure
In the Wrst session, the dynamics of blur driven accommodation were measured using a Badal system (Smith & Atchison, 1997 ) and a high speed photorefractor. During the second session, the El-Mar 2020 stereo eye tracker (El-Mar Inc. Downsview, Canada) and the disparity stimulus generator (DSG) were used along with the high speed photorefractor to obtain dynamic measures of disparity vergence and VA. The sessions were conducted on separate days and the order of sessions was randomized between the participants. The details of the high speed photorefractor, its synchronization with the stereo eye tracker and the disparity stimulus generator have been described in detail in a companion paper (Suryakumar, Meyers, Irving, & Bobier, 2006) . BrieXy, the stereo eye tracker is an El-Mar 2020 eye tracker that is Wtted with LCD shutter goggles so that diVerent images can be presented to the two eyes. Eye position is calculated based on the relative distance between the pupil center and two anterior corneal Purkinje images. The eye tracker has a resolution of 0.1degree for a linear range of approximately 30°. Eye position measures from the El-Mar eye tracker have been shown to be similar to magnetic search coil techniques (DiScenna, Das, Zivotofsky, Seidman, & Leigh, 1995) . The high speed photorefractor, on the other hand, consisted of a digital Firewire CCD video camera with a cluster of infrared light emitting diodes (IR LED) set eccentric to the camera aperture. The photorefractor recorded changes in accommodation at a sampling rate of 75 Hz during session 1 and at a sampling rate of 60 Hz during session 2. When calibrated for each individual subject, the photorefractor has a resolution of §0.25 D and a linear range of ¡4 to +4D (Suryakumar et al., 2006) . The calibration procedure was very similar to photorefractive calibrations adopted by previous studies (Kasthurirangan et al., 2003; Kasthurirangan & Glasser, 2005; SchaeVel, Wilhelm, & Zrenner, 1993; Suryakumar, Bobier, & Irving, 2004) and is described in detail for the high speed photorefractor in a companion paper (Suryakumar et al., 2006) . BrieXy, the participants viewed a high contrast target with one eye while an infrared Wlter (Kodak 87B, IR Filter, Rochester, NY) was placed in front of the other eye along with a series of ophthalmic lenses (in §0.5 D steps up to a range of §4 D). Individual calibration equations were determined for each subject. This was done by plotting the slope of the brightness proWle across a speciWc meridian of the pupil was as a function of the induced refractive error along that same meridian.
Session 1-measurement of blur driven accommodation dynamics
A Badal optometer arrangement was used to stimulate blur driven accommodation. The targets were two high contrast (black on white) vertical lines that were back illuminated by white LEDs. The far target was held constant at the focal point of the 5 D Badal lens while the near target was placed at diVerent distances between the Badal lens and the far target. This arrangement provided accommodative demands, which could vary between 1 and 2.5 D in 0.5 D steps. In order that the near target did not occlude the far target, the height of the far target was adjusted such that it appeared at the top edge of the near target. This adjustment was performed at each accommodative demand. The near target was Wrst set to a 1 D stimulus demand and then subsequently moved to other positions (closer to the Badal lens) for higher accommodative demands. The subject focussed the targets in the Badal optometer as they were alternately illuminated. The speciWc time of onset of the far/near stimulus was randomized to avoid prediction. During the experiment, the photorefractor, placed at a distance of 1 m, continuously recorded a video Wle onto the computer (sampling rate 75 Hz). The left eye of the observer was occluded with an eye patch and all measures were obtained from the right eye. The photorefractor was synchronized with the stimuli (far and near targets) in the Badal optometer such that a change from far to near (or near to far) was marked on the interface of the video sequence. Four trials were conducted across each of the stimulus amplitudes (1, 1.5, 2 and 2.5 D). Individual responses to each of the stimulus demands were averaged and analyzed separately as far to near (accommodation) and near-far (dis-accommodation) responses.
Session 2 -measurement of vergence and VA dynamics
Disparity vergence was measured using the stereo eye tracker and the disparity stimulus generator (DSG) assembly. A one-dimensional diVerence of Gaussian (DoG) target was imaged on a stereo monitor set at a distance of 1.2 m. This target design has been shown to stimulate openloop blur accommodation while maintaining a strong stimulus for disparity vergence (Kotulak & Schor, 1987) . A computer program controlled the presentation of crossed disparity demands, which varied between 2° and 5°i n 1° steps. Four trials were performed for each stimulus demand. The transition from baseline (0°) to crossed disparity constituted a disparity ON paradigm while the transition from crossed disparity back to baseline constituted the disparity OFF paradigm. The DoG target was aligned to the left eye thereby providing an asymmetrical vergence paradigm. This well known paradigm was selected because of its inherent advantage in maintaining the alignment of one eye with the optometer thereby avoiding oV axis errors (Schor, 1992; Schor & Kotulak, 1986; Tsuetaki & Schor, 1987) . Binocular eye position was continuously monitored by the stereo eye tracker sampling at 120 Hz.The accommodative response was measured using the high speed photorefractor sampling at 60 Hz and aligned with the left eye. The onset of the stimulus on the stereo monitor was synchronized with the photorefractor and the eye tracker. The video Wles obtained by the photorefractor were analyzed oZine. During the measurement of both VA and blur accommodation the eVect of proximal accommodation was held constant. This was done in session 1 by using the Badal set-up that maintained a constant angular size and in session 2 by maintaining the DoG target at a constant Wxation distance.
Analysis
Averaged accommodation and vergence responses from session 1 and session 2 at each stimulus demand were analyzed using statistical and graphics software (Origin Pro, Version 7, Origin Labs Inc., California) to obtain the temporal parameters. The analysis procedure has been described in detail in the companion paper (Suryakumar et al., 2006) . BrieXy, individual responses (trials) across each stimulus demand were time locked based on the stimulus onset and averaged resulting in a characteristic response position for each stimulus demand. The averaged response was Wrst plotted as a function of time and subsequently Wltered using a 5 pt Fast Fourier Transform (FFT) function. Velocity and acceleration proWles were computed by diVerentiating the raw accommodative response using a 2 pt diVerentiator and subsequently Wltered using a 5 pt FFT function. Temporal parameters such as latency, movement time, peak velocity, time to peak velocity, peak acceleration, duration of acceleration and skewness were determined. The deWnition of these parameters is outlined in Table 1 .
Results
Dynamics of monocular blur driven accommodation
A typical response of monocular blur driven (far to near) accommodation and (near to far) dis-accommodation is shown in Fig. 1 . The main sequences for accommodation and dis-accommodation are shown in Fig. 3 . The individual slope, intercept and R 2 values for each of the six subjects for accommodation and dis-accommodation are shown in Table 2 . These results show that the accommodation and dis-accommodation dynamics are amplitude-dependent. Both accommodation and dis-accommodation showed statistically signiWcant linear relationships across the range of amplitudes tested (Accommodation, y D 2.55x + 0.65,
Statistical comparison of the linear regression functions (peak velocity vs. amplitude) for accommodation and dis-accommodation showed no signiWcant diVerences between the slope or the intercept values (slope comparison,
In order to examine the diVerences in the temporal parameters between accommodation and dis-accommodation, the response amplitudes for accommodation and dis-accommodation were subsequently separated into 3 diVerent amplitude bins (0.5-1, 1-1.5, 1.5-2) each containing an equal number of data points and their temporal parameters across each bin were compared using a two-way ANOVA (GraphPad Prism v4.0, GraphPad Software, San Diego California USA). The overall comparisons using the two-way ANOVA showed that, most of the temporal parameters (with the exception of movement time) were similar between accommodation and dis-accommodation (Table 3) .
Dynamics of vergence accommodation
Of the six subjects enrolled in the study, one subject (S2) reported diYculty in maintaining fusion for the 5° stimulus demand during session 2 and the subject's responses at other stimulus levels were punctuated by blinks. Hence, the results on vergence, VA and the comparisons between VA and blur accommodation were limited to the remaining 5 subjects. The mean values for the stimulus and response VA/V ratios were 0.13 § 0.05 and 0.15 § 0.09 D/ , respectively. As expected, the response VA/V ratio was slightly higher than the stimulus measure, although the mean diVerence between the two was not statistically signiWcant (student t test, p > .05).
Typical examples of VA in response to a step change in stimulus during disparity ON and disparity OFF paradigms are shown in Fig. 2 . In both cases VA changed with The highest velocity attained in the velocity proWle Time to peak velocity (ms)
The time taken to attain peak velocity after the response onset Peak acceleration (D/s 2 or degrees/s 2 ) The highest acceleration attained in the acceleration proWle Duration of acceleration (ms)
The time taken to increase acceleration from response onset and decrease acceleration back to 0 D/s 2
Skewness ratio
The ratio of the time to peak velocity and movement time of the accommodative response disparity vergence. The plot of the peak velocity vs. amplitude relationship for VA is shown in Fig. 3 . For the range of response amplitudes studied, VA showed a statistically signiWcant linear relationship (p < .0001). There was no diVerence in the linear regression function between disparity ON and disparity OFF suggesting VA to be equally fast between the two paradigms (slope comparison,
The lack of diVerence was tested further where the response amplitudes of VA were separated into two amplitude bins (0-1 and 1-2) containing an equal number of data points and the temporal parameters were compared between the two paradigms across each amplitude bin.
Comparisons were done using a two-way ANOVA with Bonferroni post hoc tests. Overall, the response parameters for VA were similar during disparity ON and disparity OFF (Table 4) .
Dynamics of vergence accommodation and blur accommodation
Fig . 3A and B provide the main sequence plots for VA and blur accommodation. VA (disparity ON) is plotted along with accommodation ( Fig. 3A) and VA (disparity OFF) is plotted along with disaccommodation (Fig. 3B) 
The responses of VA and blur accommodation were also separated into 2 diVerent amplitude bins namely 0-1 and 1-2 diopters and their temporal parameters were compared. VA during disparity ON was compared to accommodation and VA during disparity OFF was compared to dis-accommodation. A two-way ANOVA with Bonferroni post hoc tests was performed to compare the temporal parameters between VA and blur accommodation across each amplitude bin. Overall, there were no statistical diVerences in any of the response parameters between VA and blur accommodation during the disparity ON or disparity OFF paradigms. (Table 5) . Fig. 4 shows a typical example of a vergence response during disparity ON and disparity OFF. On average, the VA response was found to start 92.24 § 47.23 ms after the onset of disparity vergence. The average values ( §1 SD) of all the dynamic parameters for VA and disparity vergence during the disparity ON and OFF paradigms are summarized in Table 6 . Overall, the dynamic parameters (except peak velocity and peak acceleration) were similar between disparity vergence and VA. The peak velocity vs. amplitude relationship for disparity vergence is shown in Fig. 5 . For the range of response amplitudes studied, disparity vergence showed a statistically signiWcant linear relationship (p < .001). There were no diVerences in the linear regression functions (slope, intercept) between disparity ON and disparity OFF for disparity vergence suggesting the vergence responses to be equally fast between the two paradigms (slope comparison,
Dynamics of disparity vergence and comparison with vergence-accommodation
F (1, 36) D 0.06, p D .79; intercept compari- son, F (1, 37) D 3.84, p D .06).
Discussion
VA and blur accommodation
Under normal viewing conditions, accommodation and vergence systems are tightly coupled with blur and disparity signals providing the input for accommodation and vergence, respectively. When disparity alone is presented as a cue in the absence of blur, VA is induced and the results from this investigation show that the dynamic characteristics of VA are very similar to monocular blur driven accommodation. This result emphasizes that retinal disparity presented as an independent signal, is capable of driving accommodation in a manner similar to blur. It is perhaps not surprising that an earlier study (Fincham & Walton, 1957) found VA to be of suYcient magnitude in young adults to allow focus of near objects. When response amplitudes are matched, the Wrst and second order dynamic properties of VA and blur accommodation are not signiWcantly diVerent. There are two possible interpretations for these results. Two independent observations on single cell recordings in monkeys provide evidence at the level of the brainstem that blur and disparity driven accommodation share a common neural pathway Zhang, Mays, & Gamlin, 1992) . The Wrst investigation ) recorded discharge rates of 110 near response cells (neurons dorsal and dorsolateral to the third nerve nucleus) of two monkeys while tracking targets under diVerent stimulus conditions (blur cues only, binocular with accommodation openloop and normal viewing). Their results show that, for the majority of the neurons, the amplitude of neuronal discharge rates (modulation) are similar whether the monkeys track monocularly (blur cues only), binocularly with accommodation open-loop (disparity cue alone) or in normal binocular viewing. The second investigation (Zhang et al., 1992) found that the activities of the near response cells are similar during monocular accommodation and binocular conXict viewing (accommodation open-loop). These results also suggest that the near response cells could be the physiological basis for gain controllers within a dual interactive feed-back model of accommodation and vergence. These cells receive both direct and cross-link inputs where the relative strengths of these inputs vary as a function of diVerent gain elements. The innervational strength of the VA cross-link would be represented as the average of these gain elements whose magnitude is similar to the average gain of a direct input to accommodation (blur). Similar evidence has been provided at the level of the frontal cortex (Gamlin & Yoon, 2000) . It is possible that one or both of these centres provides a synchronous signal to the accommodative plant whether the input is blur or disparity driven.
An alternative explanation is that the dynamics of the Wnal biomechanical plant, which is the same for VA and blur accommodation, is the rate limiting step, obscuring any diVerences in the underlying neurophysiology. DiVerent gains for VA and blur accommodation could feed in as inputs into the same mechanical plant that could act as a rate limiter to deWne the Wnal motor response.
Dynamics of vergence accommodation
VA has received little attention and few investigations have provided information about its dynamic characteristics. This study is the Wrst investigation to provide an assessment of both Wrst order and second order dynamic properties of VA. The temporal parameters of the VA response such as latency and movement time from the current study (Table 6 ) are in agreement with previous investigations (Heron, Charman, & Schor, 2001; Krishnan et al., 1977) (Latency: 300 § 200 ms (Krishnan et al., 1977) , 362 §197 and 272 § 176 ms (Heron et al., 2001 ) for far to near and near to far VA, respectively; Movement time: 750 ms (Krishnan et al., 1977) ; 539 § 256 and 435 § 320 ms (Heron et al., 2001 ) for far to near and near to far VA, respectively). The results on the main sequence of VA demonstrate that the dynamics of VA are amplitude-dependent. While convergence is known to cause an increase in accommodation via the VA cross-link, divergence would be expected to cause a decrease in VA. When VA is coupled with disparity vergence measures, it is clear that the dynamics of VA are similar between disparity ON (convergence) and disparity OFF (divergence). In other words, for the range of stimulus amplitudes studied, the dynamics of VA appear to be independent of vergence type.
Dynamics of disparity vergence and blur accommodation
For the dynamic properties of vergence, our measures of vergence latency, movement time and time to peak velocity are in agreement with those from other investigations (Alvarez, Semmlow, & Pedrono, 2005; Heron et al., 2001; Jones, 1983; Krishnan, Farazian, & Stark, 1973; Krishnan et al., 1977; Rashbass & Westheimer, 1961; Semmlow & Heerema, 1979a) . The results on the slope of the main sequence of disparity driven convergence (Fig. 5) compares well with the results from an earlier study (Hung, Zhu, & CiuVreda, 1997) that reported a slope of 5.14 for convergence responses.
The results from this study on the main sequence of accommodation can also be compared with similar measures provided by other investigations. The linear increase in peak velocity with increasing amplitude is consistent with previous observations (Bharadwaj & Schor, 2005; CiuVreda & Kruger, 1988; Kasthurirangan et al., 2003; Mordi & CiuVreda, 2004) . However, the slope of the main sequence function is not consistent between the studies ranging from 0.8 to 2.5 for similar aged subjects. In some instances an empirical estimate of the main sequence function could not be ascertained because of signiWcant inter-individual variability even though response amplitudes were studied over a larger range (Kasthurirangan et al., 2003) .
There are also diVerences in the analysis procedure used for the estimation of peak velocity from the raw accommodative position data. Kasthurirangan et al. (2003) used an exponential function to describe the accommodative response and derived their peak velocity mathematically as the Wrst point in the diVerentiated exponential. This approach is not without limitations. The Wrst point on the exponential function would correspond to the onset of the response in the position trace. This would mean that peak velocity occurred at response onset, which is clearly not the case and peak velocity would be over estimated. Furthermore, the use of the exponential function would limit the description of the response as a Wrst order approximation and hence acceleration dynamics could not be determined. In the current study, the peak velocity and peak accelerations were computed from the position trace by using an FFT based procedure. This procedure allowed an estimation of both velocity and acceleration. The results show that peak velocity occurs in the Wrst 1/3rd of the response amplitude and is similar for both accommodation and dis-accommodation.
Another important factor is that the ranges of accommodative stimuli used diVer between the investigations. The slope of the peak velocity vs. amplitude relationship for the response of accommodation is likely found to be diVerent between investigations at least partially because of the diVerences in the range of stimulus demands. If, similar to other eye movement systems, saccades for example, amplitude and peak velocity were actually non-linear; then linear regression functions Wt to variable amplitude ranges would yield diVerent results. This would not be the case if the relationship were truly linear. Hence diVerences between studies on the main sequence slopes could be due to a number of reasons including methodological (method of accommodative stimulation, accommodative range studied), measurement of accommodation (type of optometer or photorefractor used), inter-individual diVerences in accommodative dynamics, or analytical diVerences (use of exponential or curve Wtting). Thus comparisons should be attempted only after a careful deliberation of all these factors that clearly aVect the dynamics of the measured accommodative response.
EVect of starting position on accommodation and vergence dynamics
There is evidence that accommodation (Beers & Van der Heijde, 1994; Bharadwaj & Schor, 2006; Kasthurirangan & Glasser, 2005; Shirachi et al., 1978; Yamada & Ukai, 1997) and vergence (Alvarez et al., 2005) responses show diVerent dynamic properties based on their starting position. However, the results from these studies have been inconsistent. While some show an decrease in velocity of accommodation as a function of starting position (Shirachi et al., 1978) others show no change (Bharadwaj & Schor, 2006) or even reported an increase (Kasthurirangan & Glasser, 2005) . Starting position eVects are not taken into account in the current study. Disparity vergence changed from the same starting position during disparity ON but changed from diVerent starting positions during disparity OFF. Similarly while blur accommodation responses always started from the same position, disaccommodation responses had diVerent starting positions. In both cases, larger responses amplitudes involved more proximal starting positions. Consequently, one cannot be certain that the velocity relationships are indeed amplitude and not starting position-dependent. The range of amplitudes chosen for the blur accommodation and VA comparison (our main purpose) is insuYcient for the multiple comparisons necessary to elucidate an eVect of starting position. A study involving changes in accommodation and/or Table 5 Comparison of the temporal parameters of VA and blur accommodation
The response amplitudes of VA and blur accommodation were separated into two amplitude bins (0-1 and 1-2) and the temporal parameters were compared using two-way ANOVA. There were no signiWcant diVerences between VA and blur accommodation. vergence over a larger range of amplitudes is certainly worthy of further investigation.
Conclusion
This investigation compared the dynamic motor characteristics of monocular blur driven accommodation and binocular disparity driven vergence-accommodation. The results demonstrate that when retinal disparity is presented, as an independent signal it is capable of driving accommodation in a manner similar to that of blur. The similar dynamic properties between VA and blur accommodation strongly suggest either a long Wnal common pathway controlling the two systems or that the plant dynamics of the crystalline lens and associated structures may be the rate limiting step masking two diVerent neural inputs. It is clear however, that the dynamic properties of the accommodative response are similar whether they are driven by disparity or by blur. Table 6 Average values ( § 1 SD) of the dynamic parameters for vergence and VA during disparity ON and disparity OFF paradigms All response parameters (except peak velocity and peak acceleration) for vergence and VA between disparity ON and disparity OFF paradigms were not statistically diVerent (Two way ANOVA, p > 0.05 for all parameter comparisons). 
